The pattern of population genetic variation and allele frequencies within a species are unstable and are changing over time according to different evolutionary factors. For humans, it is possible to combine detailed patrilineal genealogical records with deep Y-chromosome (Y-chr) genotyping to disentangle signals of historical population genetic structures because of the exponential increase in genetic genealogical data. To test this approach, we studied the temporal pattern of the 'autochthonous' micro-geographical genetic structure in the region of Brabant in Belgium and the Netherlands (Northwest Europe). Genealogical data of 881 individuals from Northwest Europe were collected, from which 634 family trees showed a residence within Brabant for at least one generation. The Y-chr genetic variation of the 634 participants was investigated using 110 Y-SNPs and 38 Y-STRs and linked to particular locations within Brabant on specific time periods based on genealogical records. Significant temporal variation in the Y-chr distribution was detected through a north-south gradient in the frequencies distribution of sub-haplogroup R1b1b2a1 (R-U106), next to an opposite trend for R1b1b2a2g (R-U152). The gradient on R-U106 faded in time and even became totally invisible during the Industrial Revolution in the first half of the nineteenth century. Therefore, genealogical data for at least 200 years are required to study small-scale 'autochthonous' population structure in Western Europe.
INTRODUCTION
Since the beginning of genetic research, scientists have been interested in how evolution and history have influenced the population structure of organisms. Patterns of genetic differentiation among populations within species are unstable in time according to the different evolutionary factors influencing allele frequencies (eg, genetic drift, gene flow, selection). 1 It is quite difficult to understand how the pattern of genetic variation of a species changed over generations based on the data of modern, living populations, although most phylogeographic studies try to do so. 2 Through methods based on coalescence of haploid markers, it is possible to get information about the effect of (pre)-historical events on a species. 3 In humans, hereditary surnames and genealogical records may assist these methods by eliminating recent demographic and migration events from the 'autochthonous' population pattern. This is especially interesting for Y-chromosomal analysis because as the patrilineal hereditary family names are co-inherited with the Y-chromosomes (Y-chr), a surname should, within a genealogy, correlate with a particular Y-chr variant. 4 The human Y-chr has proven to be a good detector of historic migration events because of its mostly non-recombining inheritance and its small effective population size. 5 Moreover, it is an excellent marker to study population differentiation on a regional scale because it was shown that patrilineal markers exhibit a larger geographic specificity than matrilineal or autosomal ones, because of the plausible reduced mobility of males compared with females. 5 By using the link between genealogical records and Y-chr, the effect of migrations on population structures in the last centuries may be identified and temporally distinguished from each other. Today, genetic genealogy has mostly been used to test for relatedness, 6, 7 to estimate non-paternity in a population 8 and to measure mutation rates of Y-STRs 9 and Y-SNPs. 10 As genetic genealogical databases are increasing exponentially, 4 it becomes possible to combine detailed genealogical records with Y-chr profiles to disentangle the effect of historic events on human population genetics. Y-SNP mutation rates are so low within the time-depth of genealogical records, that the Y-SNPs are not expected to undergo mutations and are ideal for analyses of temporal population differentiation. 1 Nevertheless, there may always be inconsistencies between written records and genetic results by events that unlink the connection between Y-chr and genealogy (eg, non-paternity, adoption). 7 Moreover, linking Y-chrs to genealogies does not reveal the genetic variation at a past time window but will only give indications about the effects of past migrations based on the genetic variation that is transmitted to the contemporary population. 11 Therefore, the value of the genetic-genealogical approach needs to be confirmed based on a known geographically small-scaled population genetic structure.
The Duchy of Brabant in Central-Western Europe was a historical region in the Low Countries containing three contemporary Belgian provinces (Antwerp, Flemish and Walloon Brabant) and one Dutch province (North Brabant). Significant micro-geographical differentiation within this region was detected based on the differences in sub-haplogroup frequencies of the Y-chr. 12 To find a signature for population differentiation in Brabant, the donors in this study were assigned to an area within Brabant according to the residence of their oldest reported parental ancestor (ORPA). 12 On the basis of this approach, it was assumed to observe a more 'indigenous' population pattern, which is not blurred by the huge recent migration events of the last decades. 13 However, the time period wherein the ORPA lived was different for each individual and varied between the fourteenth till nineteenth century. Moreover, because only participants with an ORPA living in Brabant were selected, an assessment of the effect of immigration on the stability of the population genetic structure was impossible. In this study, we therefore optimized the sampling procedure in order to analyze to which degree the genetic pattern on the Y-chr changed during the last 400 years according to the well-known history and demography of the region. 14 We discuss and evaluate the genetic-genealogical approach to analyze temporal genetic differentiation in a particular region.
MATERIALS AND METHODS

Sampling and Y-chr genotyping
Samples were selected from a list of participants collected via genealogical societies in Belgium, the Netherlands, Grand Duchy of Luxembourg and Northern France. As well as a DNA-sample, the requirement for participation was the availability of patrilineal genealogical data with the ORPA born before 1800 and patrilineal presence in Western Europe for at least two generations (to exclude immigrant waves of the last decades). After receiving all genealogical data, only participants currently living in Brabant or from which at least one paternal ancestor of their paternal line was born in Brabant (Figure 1 ), were selected for this study. To have a representative sample, this requirement was not communicated to the audience. A fraction of the participants were already partly genotyped for the Y-chr. 12 A buccal swab sample from each selected participant was collected for DNAextraction by using the Maxwell 16 System (Promega, Madison, WI, USA) followed by real-time PCR quantification (Quantifiler Human DNA kit, Applied Biosystems, Foster City, CA, USA). In total, 38 STR loci were genotyped as described in previous studies, 12, 15 with the addition of Y-STR DYS635. DYS635 was additionally genotyped for all individuals who were already genotyped for 37 Y-STRs in Larmuseau et al. 12 All haplotypes were submitted to Whit Atheys' Haplogroup Predictor 16 to obtain probabilities for the inferred haplogroups. On the basis of these results, the samples were assigned to specific SNP assays to confirm the haplogroup and to assign the sub-haplogroup to the lowest possible level of the latest Y-chr tree reported by Karafet et al. 17 and according to the update on the Y Chromosome Consortium web page (http://ycc.biosci.arizona.edu/nomenclature_system/index.html), with the exception of the substructuring within haplogroup A, R1b1b2a1 (R-U106) and R1b1b2a2g (R-U152). Also a set of recently characterized Y-SNPs, which improved resolution of the haplogroup G phylogeny was included. 18 All haplogroup G samples which were already SNP-genotyped in Larmuseau et al., 12 were additionally characterized with this new set. Sixteen multiplex systems with 110 Y-SNPs were developed using SNaPshot mini-sequencing assays (Applied Biosystems) and analyzed on an ABI3130XL Genetic Analyzer (Applied Biosystems) according to previously published protocols. 19 All primer sequences and concentrations for the analysis of the 110 Y-SNPs are available from the authors on request.
Genealogical data sets
The genealogical data from each participant underwent a high-quality control through the demonstration of their research with official documents. Pairs with a common official ancestor in paternal lineage but with a different Y-chr subhaplogroup or Y STR-haplotypes with 46 differences (out of 38 Y-STRs) were excluded from all data sets. On the basis of the general Y-STR mutation rate, 46 mutations out of 38 Y-STRs is not likely to occur between recent genealogical relationship. 20 Furthermore, one individual from each pair which (i) showed no difference in surname (or close variant of surname), (ii) belonged to the same Y-chr sub-haplogroup with a related Y-haplotype (r6 mutations in the 38 genotyped Y-STRs) and (iii) had identical residence regions for all a priori defined time frames (see further), was excluded from the analysis. This may exclude the possibility of a family bias when different members of one family have subscribed to this project.
The assignment of all Y-chr sub-haplogroups to residence regions for different time periods is based on the genealogical records of date and place of baptism and the date of death of the paternal ancestors of the participants. These records are most reliable and available in Brabant. 14 For each selected participant, we noted the place of baptism of the oldest patrilineal person (because we assume that there was more than one living patrilineal ancestor at a given moment) living in the years 1600, 1625, 1650, 1675, 1700, 1725, 1750, 1775, 1800, 1825, 1850, 1875, 1900, 1925, 1950, 1975, 2000 and 2010 . All places of baptism are then assigned to one of the residence regions, based on contemporary administrative borders; North Brabant, arrondissement Antwerp, Turnhout, Mechelen, Leuven, Brussels-Halle-Vilvoorde (BHV) and Nijvel ( Figure 1 ). These present administrative units are not based on physical borders that might represent barriers to migration but are established based on the range of influence of a certain city (eg, Antwerp, Mechelen and Leuven) and the highly complicated history of Brabant. 21 Individuals with a residence region outside Brabant for a specific time period are excluded from the data set of that particular period. In total, we obtained 18 different data sets, further referred to as, for example, the '1600 data set' . The data set of all participants with a present residence (PR) within Brabant is further called the 'PR' data set.
Afterward, each Y-chr was also assigned to a region within Brabant on the basis of the place of baptism of the ORPA. This data set is further referred to as the 'genealogical residence' (GR) data set. The GR data set is additionally filtered out based on extra genealogical data and the anthroponymy of the surname, namely the 'purified GR' (PGR) data set. First, all participants who are known descendants of a foundling or a child with an unknown biological father were excluded from this data set. Next, participants were excluded based on the anthroponymical analysis of the surname of their ORPA. The language (inclusive dialect) and the etymology of the surnames, and the archive data with earliest appearance of each surname in the Low Countries were scientifically examined, as defined by standard sources 22 and based on the databank of the State Archive of Belgium and the Meertens Institute (Royal Netherlands Academy of Arts and Sciences; www.meertens.knaw.nl). All surnames with an indication for a toponym, which is not located in the 'GR' region of the participant were excluded, as well as foreign surnames or surnames with a nonBrabant dialect, which may indicate previous migrations. Moreover, also each participant with a surname which is not found in the national archives before 1500, were excluded from the 'PGR' data set because this can be an indication of a non-autochthonous surname. Finally, we excluded furthermore from the latter data set all participants without an ORPA born before 1750 in the data set named 'PGR o1750' (PGRb). The full approach is schematically illustrated in supplementary figures (Supplementary Figures S1 and S2 ).
Genetic and demographical analysis
Estimations of F ST -values were calculated based on Y-SNP sub-haplogroup frequencies to determine the genetic relationship between all regions, between the three main groups of regions (namely North Brabant, Antwerp-TurnhoutMechelen and Leuven-BHV-Nijvel) and between all Dutch versus Belgian individuals. All values were estimated using ARLEQUIN v.3.1 23 and tested for statistical significance by means of random permutation of samples in 10 000 replicates. For the pairwise F ST -values, the sequential Bonferroni correction was applied to correct significance levels for multiple testing. 24 The frequencies of the main observed sub-haplogroups were compared between the three main groups of regions based on a three-sample test of equality of proportions without continuity correction. These tests together with the SD of the frequencies for the main observed sub-haplogroups were calculated using the software R v.2.13.0. 25 Census population data from Belgium and the Netherlands for the period 1600-2010 were collected from literature 14, 26 and official instances, namely the Directorate General Statistics and Economic Information (Belgian government) and Statistics Netherlands (Dutch government).
RESULTS
In total, 881 Western-European males sent their genealogical data. Only 20% of the participants could present reliable genealogical Temporal differentiation on Y-chromosomal gradient MHD Larmuseau et al records before 1600. From 1650 onward, this number increased above 50% and even more than 90% could give high-quality data from 1750 till today. However, 10% of the participants did not want to distribute the genealogical data of their last two generations because of privacy reasons. Of the 881 participants in total, 247 males were excluded for further analysis because there was no known paternal ancestor born in Brabant or their PR is not in this region. All individuals were correctly assigned to the main haplogroups using the Whit Athey's Haplogroup Predictor. The single exception was a Y-chr belonging to haplogroup A, which is not included in the Predictor. However, according to a recent study on the root of the human Y-chromosomal phylogenetic tree by Cruciani et al., 27 haplogroup A is not monophyletic and therefore this concrete Y-chr is further referred as belonging to paragroup Y*(xBT). In total, nine main haplogroups were observed with almost ca 85% of all samples belonging to haplogroup R (65%) and I (20%). At the lowest observed level of the phylogenetic tree, 40 different sub-haplogroups were observed in the data set (including the Y-chr assigned to haplogroup Y*(xBT)). Nearly 70% of all samples belonged to only four sub-haplogroups: R1b1b2a1 (R-U106; 27.6%), R1b1b2a2* (R-P312*, 20.1%), I1* (I-M253*, 11.7%) and R1b1b2a2g (R-U152, 9.6%). The total sampling sizes for each residence region in each data set is given in supplementary materials (Supplementary Table S1 ). It is clear that the sampling size for Nijvel is too low (o15 individuals) to analyze it separately. Moreover, the sampling sizes for several residence regions are also too low for data sets 1600, 1625 and 1650. The distribution tables for all other data sets are given in supplementary materials (Supplementary Tables S2-S20 ). The PGR data set has in total 61 participants less than the GR data set. The reason for the exclusion was a toponym outside the residence region within the surname (24 individuals), a surname of a foreign language or a nonBrabant dialect (exclusively a French surname within the traditionally French-speaking part of Brabant, Nijvel) (12 individuals), no archive data found for the surname before 1500 (17 individuals) or the descendant of a foundling or child of unknown father (8 individuals).
The genetic relationship between all defined regions, between the three main groups of regions -namely North Brabant (region 1), Antwerp-Turnhout-Mechelen (region 2) and Leuven-BHV-Nijvel (region 3) -and between Dutch versus Belgian individuals were assessed by means of F ST based on the Y-SNP sub-haplogroup frequencies. Between the three main groups, seven values were significant after sequential Bonferroni correction, namely for the GR data sets and the two earliest time periods (1675 and 1700) between regions 1 and 2 and regions 1 and 3 ( Figure 2 ). Moreover, also the F STvalues between regions 1 and 2 were significant for the 2000 and 2010 data sets. Till 1875, there is a clear trend for isolation-by-distance because the F ST -values were larger between regions 1 and 3 than between regions 1 and 2. The values between regions 2 and 3 were always estimated to be negative and therefore considered to be zero. This is also visible based on the two-sample tests for equality of Y-subhaplogroup proportions with continuity correction between Dutch and Belgian individuals, which were significant for all data sets except for the periods between 1725 and 1900 (Supplementary Table S21 ).
The SD for the frequencies of R1b1b2a1 (R-U106) within Brabant were large because of relatively low sample sizes, however, the threesample test for equality of R-U106 proportions revealed significant differentiation for the earliest time periods (1675 and 1700) and for the three GR data sets (Figure 3) . Furthermore, significant differentiation was also found between the three main regions in Brabant for the latest time periods (1975, 2000 and 2010) . Next to R-U106, a (nonsignificant) trend for differentiation was observed as well for R1b1b2a2g (R-U152); the frequency of R-U152 was lower in North Brabant (8% in the PGRb) versus regions 2 and 3 (12% and 11% in the PGRb, respectively). No trend of differentiation between the main regions was found based on other sub-haplogroups.
Census population sizes in all regions of Brabant are given in Figure 4 . No reliable data were found for North Brabant before 1850, however, this does not influence the observed pattern. Between 1600 and 1850, the population sizes are quite stable and similar to all regions. From 1800 to 1850, there is an increasing growth of the population size and even exponentially in North Brabant, BHV and Antwerp.
DISCUSSION
Authentic north-south clinal variation within Brabant
Spatial differentiation was found within Brabant, especially for the oldest time periods investigated (1675 and 1700) and the 'GR' data sets. 
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Within these data sets the three main regions -North Brabant (region 1), Antwerp-Turnhout-Mechelen (region 2) and BHV-Leuven-Nijvel (region 3) -significantly differed from each other. The principle of isolation-by-distance was valid next to a trend of population differentiation at the level of sub-haplogroup frequencies. A northsouth cline was observed for the most frequent sub-haplogroup, R1b1b2a1 (R-U106), with the highest frequency in region North Brabant (37% in the PGRb data set), an intermediate frequency in region 2 (26%) and the lowest frequency in region 3 (21%) (Figure 3 ). Next to R-U152, a nonsignificant and opposite northsouth trend was found for the frequencies of R1b1b2a2g (R-U152) with a lower frequency in North Brabant (8% in PGRb) than in the Belgian regions 2 and 3 (12% and 11%, respectively).
Recent studies on a European scale reported a frequency peak of R-U106 in Northern-Central Europe with a steep frequency fall to the south. 28, 29 The strong observed decreasing north-south gradient for R1b1b2a1 (R-U106) in Brabant (from 37% in North Brabant to 21% in BHV-Leuven-Nijvel) is therefore an authentic signal and only a subset of the entire gradient ranging between the Netherlands (37.2%) and France (7.1%). 30 For R-U152, a similar but reversed pattern was observed in Europe with the highest occurrence in France/Northern Italy and a frequency fall to the north. 28, 29 Although the trend of a north-south gradient for R-U152 within Brabant (8% in North Brabant and 11% in BHV-Leuven-Nijvel) turned out to be nonsignificant, it might belong to the macro-scale gradient from France to Northern Europe.
The significant gradient of R-U106 and the trend for R-U152 may most likely be the cause of a previously assumed genetic barrier between the Netherlands and France. 31 Even the latest YHRD-data from these two countries revealed a barrier zone of two clusters of Y-chr haplotypes based on a geostatistical approach. 32 Our sampling on a micro-geographical scale shows that there is most likely no sudden strong decline of the R-U106 frequency somewhere between the Netherlands and France because of a physical or cultural border for the 'GR' and earliest (eg, 1675, 1700) data sets. The pattern of differences in the R-U106 frequencies seems to occur in a geographically large stepwise cline. The geographical range of a cline is of course difficult to observe based on forensic data of present populations. On the basis of our study, the population genetic pattern in Western Europe is therefore best explained by a painting of Leonardo Da Vinci based on the sfumato technique; on a macro-scale there is a good picture/structure visible with clear color/genetic differences but on a micro-scale you see a large cline and not an abrupt line/barrier.
Temporal differentiation within Brabant
Clinal variation in human haplogroups might be subjected to entropy because of continuous migration of families and therefore it will fade in time. The strongest clinal variation between the analyzed regions within Brabant was indeed observed for the data sets before 1750 and for the 'GR data sets' reflecting the most authentic population structure in Brabant. In our genealogical data set, (interregional) migrations are observed continuously in time mostly because of partner choice, as was also observed in historic demographical studies of Brabant. 14 Moreover, based on all genealogical records no single individual in our data set could illustrate that his entire patrilineal line stayed in one single community/parish in the period between 1675 and 2010. On the other hand, families from the Low Countries are quite sedentary and they even returned to their birth region after large-scale migration events, for example, the well-known migration of West-Flemish families during World War I after which most of the families returned back to their previous hometown even if their whole property and community was erased by war. 33 As 1750, the F ST -values and R-U106 frequencies show a decreasing genetic differentiation between the Netherlands and the Belgian regions. The decrease may most likely be amplified by the huge well-known migration events because of religious and economical motives from Flanders to the Netherlands in the sixteenth and seventeenth century. 33 On the basis of our approach, the effect of real migrations will be visible later in time because the place of baptism of the oldest living patrilineal person of the family was the chosen parameter. The date and place of baptism together with the date of the funeral, are the best documented and most reliable records in pre-Napoleonic time, in contrast to the place of funeral and residence place(s). 14 From 1850 onward, the gradient of genetic differences becomes undetectable, especially for the small R-U106 trend within Belgium. Most likely, this must be linked to the demographical growth in all regions within Brabant started at the beginning of the nineteenth century, especially for North Brabant, BHV and Antwerp (Figure 4) . In this period, the increasing population size was mainly a result of massive immigration, especially in the industrialized cities in Brabant. 34 Owing to the Industrial Revolution, the transport capacity increased and many families moved to the city where they found more opportunities for employment in new factories. Nevertheless, after 1900, the genetic differences increased again between the Dutch and Belgian regions mainly based on the frequencies of R-U106 with a higher frequency in North Brabant and a lower one in Belgium (Figure 3 ; Supplementary Table S21 ). The F ST -values between North Brabant and Antwerp-Turnhout-Mechelen also became significant for the data sets of 2000 and 2010 (Figure 2 ). The genetic difference between the Netherlands and Belgium thus increased after 1900 and may be explained by the breakup of the United Kingdom of the Netherlands in these two countries in 1830. As it is observed between Germany and Poland based on Y-chr, 35 administrative borders may affect the current population genetic structure because of the fact that migration occurs mainly within a country. Once there was a notable administrative border between the Netherlands and Belgium, North Brabant received for its textile industry many immigrants from the North where the frequency of R-U106 is relatively high, and the region of Antwerp received more immigrants from the South where this frequency is much lower. 36 
Figure 4
The historical demography for the seven areas within Brabant.
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Validation of the genetic-genealogical approach A detailed view of the surnames and genealogical data of the selected individuals showed that all highly frequent surnames and all main historical events in Brabant are representatively covered in the data sets, guaranteeing a good representation of the indigenous population. Nevertheless, unreligious, Jewish and gypsy families will not be covered in our data set because genealogical data mostly rely on Christian church records in the pre-Napoleonic period (o1800). These groups were, however, marginal and strongly isolated in Brabant 37 and will not influence the overall population analysis of this region. Moreover, today a lot of families with roots outside Western Europe (the so-called gastarbeiders or migrant workers from Italy and North Africa since 1960-1970, recent immigrants for the European Union administration, refugee families, and so on) are living in Brabant and are not included in this temporal analysis. Therefore, the pattern we observed is only based on families living already for more than two generations in Western Europe. Using the genetic genealogical approach to determine temporal differentiation in a population also required a correct link between Y-chr and the genealogical records. As it was observed for two pairs of individuals in our original data set, non-paternity or unknown adoption may break the connection between genetics and genealogy. Therefore, we can assume that the more we look back in time, the more we have to be aware of the degree of incorrect assignment of Y-chr to a certain region. Nevertheless, in our initial data set, almost all participants with an overlapping part in their genealogy showed the same Y-chr variation based on their sub-haplogroup and haplotype. Accordingly, there is agreement in the literature that past rates of non-paternity are o5% per generation and in some populations even o1%, mainly calculated based on the differences between expected and observed genetic diversity within common and rare surnames. 8, 38 This is also consistent with contemporary estimates when there is no previous suspicion of non-paternity. 4 But the most important notion on the genetic genealogical approach is that this method does not observe the genetic variation in a population in the past. The temporal analysis is based on the genetic variation that is transmitted to the contemporary population. Therefore, the reconstruction is based on a part of the past variation as a lot of the Y-chr variation will be lost by genetic drift (or the so-called 'daughtering out'). With our approach the signal of migration on macro-scale as well within Brabant became visible, providing useful insight into the genetic effect of past migration events. The fact that the genetic-genealogical approach showed an authentic signal of a cline conforming the continental genetic pattern 26 and the temporal differences of the found cline can be associated with the historical context of the region, guarantees the usefulness of our approach.
Finally, next to the analysis of the genetic variation during several time periods, three different population analyses were done based on the place of baptism of the ORPA, the so-called 'GR' data sets. The rationale behind these analyses is that in this way, the confounding effects of large and regional migrations during the last decades (and centuries) are minimized, so that it gives access to a sample, which infers a more reliable picture of the ancient population structure at the time of the beginning of genealogical records. All three data sets showed a quite similar pattern based on F ST -values and main subhaplogroup frequencies and may therefore be useful to detect the 'indigenous' population structure before the Industrial Revolution. Future studies need to give insights into whether surname-selection may still give an extra possibility to provide an even older sample for the population genetic analysis as patrilineal surnames are already present in Western Europe earlier than the seventeenth century. 22, 39 CONCLUSION By linking a huge number of Y-chr sub-haplogroups to a certain location at a specific time period, it became possible to study the effects of past migrations on the micro-geographic population genetic pattern within the Western-European region of Brabant. Significant genetic differentiation was observed in the oldest studied time periods (1675-1700). However, the differentiation faded over time and the north-south trend for sub-haplogroup R-U106 almost disappeared during the Industrial Revolution in the first half of the nineteenth century. On the basis of this temporal analysis, it is clear that categorizing donors into local sub-populations on the basis of at least two or three generations of residence (as commonly applied in human population genetic/genomic studies), 40, 41 may not enable the identification of small-scale 'autochthonous' population structures in Western Europe. Our approach will be useful to prepare future studies comparing ancient and modern DNA variability in human populations. Therefore, this study exemplifies the usefulness of a strong collaboration between genetic researchers and the genetic genealogy community.
